Abstract: The effects of doping in the multiquantum well (MQW) active region on the properties of InP-based long wavelength deep ridge transistor lasers (TLs) are numerically studied. Doping in the MQWs is shown to lead to a decrease of the slope efficiency and a notable increase of the current gain of the TLs, which makes MQW doping a useful tool for facilitating the design of TLs. When there are nonradiative recombination centers on the exposed MQW side walls of the TLs, doping in the MQWs is found to be able to enhance the performance of the TLs by reducing the threshold current and increasing the current gain greatly. With doping in the MQWs, the carrier diffusivity is decreased, making the defects less effective in consuming the carriers. The results show that doping in the MQWs helps to obtain high-quality TLs. The reduced carrier diffusion that results from doping also helps to improve the quality of a normal diode laser in case a deep ridge structure is needed.
Introduction
Transistor lasers (TL) bridge the functionality gap of lasers and the transistors, outputting an electrical signal simultaneously with a light signal by inputting one electrical signal. Since first being reported [1] , TLs have aroused extensive attentions because of their interesting properties such as gain compression when base current is larger than threshold current [1] , voltage controlled mode of operation [2] , and high modulation bandwidth [3] . What is more, TLs are promising for use in many fields including optoelectronic integration [4] , high-speed optical data transmissions [5] , frequency synthesis, and signal processing [6] .
TLs were first fabricated with a shallow ridge structure, in which multi-quantum wells (MQWs) were positioned in the base layer [1] . With the structure, rather good performances have been achieved for GaAs based TLs with short wavelength emissions ð$1 mÞ [7] . However, because the gain of the InP material system is relatively low and the free carrier absorption of p type base material at 1.3 or 1.5 m is strong, the development of the long wavelength TLs with a shallow ridge structure is relatively slow. Laser operation of an InP based shallow ridge TL with 1.5 m wavelength has been realized at about −190°C [8] . To promote the performance of TLs, a buried ridge structure has been used for the fabrication of AlGaInAs/InP npn TLs [9] .
Though room temperature operation has been realized, the fabrication process of the device is complex, which leads to a high cost.
To fabricate InP based long wavelength TLs with higher quality, a deep ridge structure, which need only a simple fabrication process, has also been proposed [10] , [11] . Because MQWs are inserted between the emitter and the base in the deep ridge TLs, both the diffusion of p type dopant (Zn is usually used for InP material system) into the MQWs and the optical absorption of the p type base material can be reduced noticeably. As a result, room temperature operation of InP based TL with 1.5 m operation wavelength has been fabricated successfully [12] . However, there are nonradiative recombination centers on the exposed MQW side walls of deep ridge TLs, which may degrade the device performance seriously [11] , [13] . Even with the applications of chemical passivation, the TLs still have a relatively large threshold current [12] . In this paper, we report the numerical study of TLs with n type doping in the MQWs. The results show that MQW doping can be used to tune the optical properties and the electrical properties of TLs. What is more, doping in the MQWs of TL makes the defects at the emitter side walls less effective, leading to a remarkable improvement of the device performance. While most previous studies only focused on the effects of doping on the intrinsic properties such as the material quality of the active layer [14] , we discuss, for the first time to our knowledge, the effects of doping on reducing the nonradiative recombination at the sidewall in an optoelectronic device.
Device Modeling
The simulation models of the device are developed by Crosslight PICS3D software. The related physical models can be found in [15] . PICS3D numerically solves the electrical, optical, QW gain and laser rate-equation models self-consistently based on the finite-element-method. The classic drift-diffusion model is used to describe the carrier transport [15] , with the thermionicemission model used at the heterojunctions. Lateral optical modes are calculated by the effective-index method [15] . The gain calculations are based on 4 Â 4 k.p band method, including valence-mixing effects. A Lorentz broadening function is used with 0.1 ps scattering time. Fig. 1 shows the structure of the deep ridge TL, which includes an n InP substrate ð1 Â 10 18 The width of the emitter ridge is 2 m, unless specified. There is a 0.5 m separation between the edge of the base contact and the emitter ridge. To account for the nonradiative recombination centers, the surface recombination velocities at the surface of the exposed MQWs are set as 1 Â 10 4 cm s À1 and 1 Â 10 6 cm s À1 , respectively. While the former is for a typical InP material case, the latter is for a much worse case such as surface just after dry etching. All the simulations in this study are in the common emitter (CE) mode of TLs with a collector to emitter bias voltage ðV CE Þ of 5 V.
Results and Discussions
Fig . 2 shows the effects of different doping levels on the optical and electrical properties of a deep ridge TL with no defects on the emitter side walls. When there is no doping in the quantum wells, the threshold base current ðI B Þ is 2.8 mA and the current gain (collector current ðI C Þ=I B ) is 2.8 when I B is 10 mA as shown in Fig. 2 (a) and (b). When the MQWs of the TL is doped with a concentration of 5 Â 10 17 cm À3 , while the threshold current stay almost unchanged, the slope efficiency of the laser decrease noticeably. When the I B is 40 mA, the laser power is only 4.5 mW which is a lot smaller than the 12.5 mW of the TL with no doping. On the other hand, doping of MQWs leads to an abrupt increase of the current gain, which is 7.9 when I B ¼ 10 mA. As the doping level is further increased to 1 Â 10 18 cm À3 , while the laser power decreases only slightly, the increase of the current gain remains remarkable.
For a normal diode laser, our numerical studies show that doping in the MQWs has no apparent effects on both the threshold current and the slope efficiency, which is consistent with the results of experimental studies [14] , where the MQWs are uniformly doped as in this study. The decrease of the slope efficiency of TLs with the increase of the doping level in the MQWs can be first attributed to the electron current in the base current of a TL, which does not contribute to the laser output [16] . As shown in Fig. 2(c) and (d), compared with the TL having no doping in the MQWs, the portion of electron current in the base current is significantly larger for the TL with doped MQWs. For example, when I B ¼ 10 mA, the fraction of electron current in the base current is up to 40 percent for the TL with doped MQWs in contrast to the 12% for the TL with undoped MQWs, which lowers the slope efficiency of the doped TL. The increase of the current gain as shown in Fig. 2(b) is because the number of electrons injected from the emitter into the base layer is proportional to the doping level of the n side material (MQWs) of the pn junction (emitter-base junction). When I B ¼ 10 mA, doping leads to about fifty percent of light power decrease and to an about 3.7 times larger current gain. These results indicate that doping in MQWs can be used to tune the optical and electrical properties of deep ridge TLs, which may facilitate the design of the device. The band diagrams in the center of the emitter ridge of the TL with 1 Â 10 18 cm À3 doping under 0 and 1.5 V base to emitter forward bias are shown in Fig. 2 (e) and (f), respectively. As the base-emitter junction is forward biased over the threshold, electrons and holes injected into the MQWs from the emitter and the base, respectively, recombine radiatively to produce laser emission. Fig. 3(a) and (b) shows the distributions of holes and electrons in the quantum well regions across the emitter ridge of the TLs with no defects and when I B ¼ 30 mA. Because the base to emitter voltage decreases gradually from the edge to the center of the emitter ridge, the density of the injected holes in the emitter ridge decreases correspondingly. The higher density of carriers in the TLs with MQW doping can be clearly seen. It can be also noted that the holes in the TL with undoped MQWs distribute more evenly than the carriers in the TL with doped MQWs. Thus, the overlap between the gain profile and the optical mode (fundamental mode) supported by the waveguide structure is relatively worse for the TL with doped MQWs, which leads to a lower mode gain of the TL. This is another factor that contributes to the low slope efficiency of the TL with doped MQWs. Fig. 4 shows the optical and electrical properties of TLs with defects on the side walls of the emitter ridge. It is seen from Fig. 4(a) that the threshold currents of the TL are enlarged to 38 mA when the surface recombination velocity is 1 Â 10 4 cm s À1 and when there is no doping in the MQWs. As the surface recombination velocity is increased to 1 Â 10 6 cm s À1 , the threshold current of the device is further increased significantly to be over 1000 mA. At the same time, as shown in Fig. 4(b) and (d) , the current gain of the TLs at a 10 mA I B is decreased to 0.2 and 0.01, respectively, which are much smaller than the current gain of the TL with no defects at the same I B . A large amount of carriers recombine nonradiatively at the defects on the side walls of the emitter ridge. The distributions of holes and electrons in the MQW regions of TLs with defects are shown in Fig. 3(c) and (d). The carrier density near the side walls of the emitter ridge is reduced notably. What is more, because the carriers diffuse laterally in the quantum well region, the carrier density across the entire emitter ridge is reduced greatly by the recombination at surface defects, as compared with the results shown in Fig. 3(a) and (b). Similar results have also been obtained in a previous study [17] . Thus, the number of carriers that would either combine to produce laser emissions or be collected by the collector decrease significantly, damaging both the optical and electrical qualities of the deep ridge TLs seriously. Some interesting phenomena can be observed for the TLs with defects on the emitter side walls when the MQWs of the TLs are doped. As shown in Fig. 4(a) , for the TL having a 1 Â 10 4 cm s À1 surface recombination velocity, doping the MQWs with a 5 Â 10 17 cm À3 concentration decreases the threshold current of the TL from 38 mA to 21 mA. Further increase of the doping concentration to 2 Â 10 18 cm À3 leads to a continuous decrease of the threshold current to 13 mA. The current gain of the TL at I B ¼ 10 mA increases from 1.7 to 10.2 as the doping concentration is increased from 5 Â 10 17 cm À3 to 2 Â 10 18 cm À3 , which is much larger than when there is no doping. The performance enhancement of MQW doping are more prominent for the TL with a 1 Â 10 6 cm s À1 surface recombination velocity. As can be seen from Fig. 4 (c) and (d), by doping the MQW of TLs, the threshold current is reduced from over 1000 mA to below 37 mA and the current gain is increased for over 28 times at I B ¼ 10 mA. These observations are in a clear contrast to the results as in Fig. 2 , where it is shown that the threshold Fig. 1 , which is 30 nm over the top most QW. The zero distance is also marked in Fig. 1 . Only half of the symmetric dimension is shown. current of the TL is independent of doping level when there are no defects on the side walls. Thus, the decrease of the threshold current and the increase of the current gain are not resulted from the effects of doping on the properties of MQWs. The effects of ridge width on light power and current gain of TLs having 1 Â 10 18 cm À3 doping concentration and 1 Â 10 6 cm s À1 surface recombination velocity are shown in Fig. 4 (e) and (f), respectively. As can be seen, with the increase of the emitter width, the threshold current is increased and the slope of the light emission is decreased. Above 50 mA base current, a larger emitter width leads to a smaller light power and a lower current gain at the same time because there are possibly more nonradiative recombination centers (besides those on the side walls) in the device with a larger width of emitter, which consume more carriers. Based on the data presented above, an explanation is presented as follows. It is known that the carrier diffusivity is inversely proportional to the doping level of the semiconductor material. With doping in the MQWs and SCH layer the carrier diffusivity in the layers is smaller as compared with when there is no doping, which has been observed in a previous study of diode lasers [18] . As holes are injected into the MQW region, they either recombine with electrons in the MQWs radiatively to produce laser emission or diffuse laterally to the defects at the emitter side walls before recombining nonradiatively. With a reduced diffusivity resulted from doping, the lateral diffusion of carriers in the MQW region from the interior toward the edge of the emitter ridge, where there are defects, is then reduced. This decreases the carrier supply to the defects, lowering the consumption of carriers by the nonradiative recombination at the surface defects. Thus the quality of the emitter side walls is less important, leading to the observed results. As shown in Fig. 3(c) and (d) , the carrier density across the entire emitter is affected by the reduced carrier diffusion toward the defects. The carrier densities in the MQWs with doping are noticeably higher than when there is no doping across the whole emitter ridge. Especially, the density of holes of the TL with MQW doping is over an order of magnitude higher than the density of the TL without doping. As a result, for the TL without doping in the MQWs, the gain is greatly reduced, and a much larger injected current is needed to realize laser operation.
The trends shown in Fig. 3 agree well with both the experimental and the calculation results as reported in [17] . Experimentally, it is shown that the reduced lateral diffusion length resulted from segmented quantum wells corresponds to weaker effects of the defects at the side walls of the wells [17] . With a simplified self-consistent model, the effects of reduced lateral carrier diffusion in quantum wells of diode lasers with exposed quantum well side walls, which have nonradiative recombination centers, are studied [17] . Results similar to those shown in Fig. 3(c) and (d) are obtained and it is also predicted that a larger carrier lateral diffusion length leads to a noticeably lower carrier density in the laser ridge and thus a much higher threshold current. The agreement between our results and those in [17] indicates that our discussions are solid.
It should be noted that the possible side effects of doping on the optical properties of the MQWs should be limited. As shown above, only a rather low doping level ð5 Â 10 17 cm À3 Þ is needed to achieve a noticeable improvement of the device performance. What is more, though both the wells and the barriers are doped in the devices discussed above, the doping can be applied in only the barrier and SCH material, which is known as modulation dope [19] . Because the volume of the well material is very small relative to the whole active layers (MQWs and SCH layers), not doping in only the well material has only a minor effect on the improvements of the device quality. Besides the advantages as shown in this paper, doping in the MQWs can also help to reduce dopant diffusion from the base material to the MQWs. For example, Zn is usually used as p type dopant of the heavily doped base material of InP based transistor, and its diffusion into the MQW material will degrade the optical quality of the MQWs greatly. When Si is used for n doping, Zn diffusion into the MQWs can be more or less slowed down [20] . To further improve the performance of the TLs, surface passivation techniques [21] can be used in combination with MQW doping to reduce the surface recombination velocity. Finally, it is worth noting that in case a deep ridge structure is needed [22] , the reduced carrier diffusion that results from doping in the MQW region also helps to improve the quality of a normal diode laser.
Conclusion
In summary, it is shown that doping in the MQWs leads to a decrease of the slope efficiency and a rapid increase of the current gain of the TLs. When there are nonradiative recombination centers on the exposed MQW side walls of the TLs, doping in the MQWs is found to be able to enhance the performance of the TLs by reducing the threshold current and increasing the current gain greatly. Doping leads to a decrease of carrier diffusivity in the emitter ridge of the TL and, thus, makes the nonradiative recombination centers less effective, leading to improvements in TL quality.
